Marquette University

e-Publications@Marquette
Mechanical Engineering Faculty Research and
Publications

Mechanical Engineering, Department of

10-2020

Anomalous Growth of Al8Mo3 Phase During Interdiffusion and
Reaction Between Al and Mo
Abhishek Mehta
University of Central Florida

Le Zhou
Marquette University, le.zhou@marquette.edu

Dennis D. Keiser Jr.
Idaho National Laboratory

Yongho Sohn
University of Central Florida

Follow this and additional works at: https://epublications.marquette.edu/mechengin_fac
Part of the Mechanical Engineering Commons

Recommended Citation
Mehta, Abhishek; Zhou, Le; Keiser, Dennis D. Jr.; and Sohn, Yongho, "Anomalous Growth of Al8Mo3 Phase
During Interdiffusion and Reaction Between Al and Mo" (2020). Mechanical Engineering Faculty Research
and Publications. 277.
https://epublications.marquette.edu/mechengin_fac/277

Marquette University

e-Publications@Marquette
Mechanical Engineering Faculty Research and Publications/College of
Engineering
This paper is NOT THE PUBLISHED VERSION.
Access the published version via the link in the citation below.
Journal of Nuclear Materials, Vol. 539 (October 2020): 152337. DOI. This article is © Elsevier and
permission has been granted for this version to appear in e-Publications@Marquette. Elsevier does not
grant permission for this article to be further copied/distributed or hosted elsewhere without express
permission from Elsevier].

Anomalous Growth of Al8Mo3 Phase During
Interdiffusion and Reaction Between Al and
Mo
Abhishek Mehta

Department of Materials Science and Engineering, University of Central Florida, Orlando, FL

Le Zhou

Department of Materials Science and Engineering, University of Central Florida, Orlando, FL

Dennis D. Keiser Jr.

Nuclear Fuels and Materials Division, Idaho National Laboratory, Idaho Falls, ID

Yongho Sohn

Department of Materials Science and Engineering, University of Central Florida, Orlando, FL

Keywords

Diffusion barrier, Growth rate, Integrated diffusion coefficient, Diffusion anisotropy, Non-planar
interface

1. Introduction

Addition of Mo to Al alloys has been documented to improve mechanical properties [1,2], corrosion
resistance [3,4], elevated temperature thermal stability [5], and refine grain size [6]. Interaction
between Al and Mo is also of interest for nuclear application. In monolithic fuel plate design with lowenriched metallic fuels, a thin layer of Zr is employed between U-10Mo and Al-alloy cladding (i.e.
AA6061) to mitigate fuel-cladding chemical interaction (FCCI) [[7], [8], [9], [10], [11]]. However, Zr can
result in undesirable complex metallurgical interaction with U-10Mo fuel and Al-alloy cladding [[12],
[13], [14], [15]], and destabilization of desirable isotropic γ (U-Mo) phase [15]. Mo has been reported
as a potential candidate for the diffusion barrier, instead of Zr, between U-10Mo fuel and Al-alloy
cladding due to its low solid-state diffusional interaction with U-10Mo fuel [16,17]. So far two studies
have been documented to investigate interdiffusion kinetics in binary Al-Mo system via diffusion
couple approach. Rexer [18] investigated the phase equilibria between Al and Mo above 1400° to
1600 °C and observed Al63Mo37, AlMo, and AlMo3 phases between Mo and Al8Mo3. Eumann et al. [19]
examined Al vs. Mo diffusion couples in the temperature range from 630 °C to 1200 °C. In solid-to-solid
diffusion couple at 630 °C, they observed the presence of Al5Mo (negligible), Al17Mo4, and Al8Mo3.
However, in solid-to-liquid diffusion couples annealed above 660 °C, they observed the existence of
Al12Mo, Al5Mo, Al22Mo5, Al17Mo4, Al4Mo, Al3Mo, Al8Mo3, and AlMo3 phases. Al8Mo3 was consistently
observed at all temperatures, however, Al22Mo5 was observed up to 950 °C, while Al4Mo, Al3Mo, and
AlMo4 were observed only above 900 °C. No study has been documented to investigate the diffusion
kinetics and microstructural development between Al and Mo below 630 °C.
Many researchers [[20], [21], [22], [23], [24]] had investigated the phase equilibria in the binary Al-Mo
system but their observations were inconsistent with each other. For example, an Al-Mo phase
diagram presented by Sperner [25] included an Al2Mo phase, which was later corrected to be Al8Mo3
by Pötzschke and Schubert [23]. More details with critical review of inconsistencies in Al-Mo binary
system have been reported by Cupid et al. [26]. An Al-Mo phase diagram presented by Saunder [22]
consisted of four intermediate phases, i.e. Al12Mo, Al5Mo, Al8Mo3, and AlMo3 at low temperature
(<660 °C). More recently, Okamoto [27] re-constructed the Al-Mo phase diagram based on the
thermodynamic re-evaluation of the phase equilibria between Al and Mo by Eumann et al. [19] and
Cupid et al. [26]. The re-constructed phase diagram by Okamoto [27] consists of six intermediate
phases, i.e. Al12Mo, Al5Mo, Al22Mo5, Al17Mo4, Al8Mo3, AlMo3 at low temperature. All intermediate
phases exhibit narrow solubility ranges (<1 at. %), except AlMo3 (∼2 at. %). Inconsistency was observed
regarding the existence of the Al17Mo4 phase: while the phase diagram [27] predicted its existence up
to 942 °C, the diffusion couples study [19] suggested that the Al17Mo4 phase should exist up to 1000 °C.
The Al17Mo4 phase was also observed in diffusion couple [19] annealed at 1200 °C, which was
presumed to form during cooling.
In addition to these inconsistencies, no study has been carried out for the diffusion kinetics and
microstructural development at temperatures below 630 °C. The purpose of this work is to investigate
the interdiffusion kinetics and microstructural development in binary Al-Mo system via solid-to-solid
diffusion couples as functions of annealing temperature and time. To study the effect of temperature,
the Al vs. Mo diffusion couples were annealed at 425°, 450°, 475°, 500°, 525°, 560°, 600°, and 625 °C
for 720, 720, 480, 360, 240, 240, 168, and 120 h, respectively. In addition, to study the effect of

annealing time, the Al vs. Mo diffusion couples were isothermally annealed at 500 °C for 24, 120, 240,
360, and 480 h.

2. Experimental details

Metallic rods of Al (99.99 wt% purity) and Mo (99.95 wt% purity), with 6 mm diameter, were procured
from Alfa Aesar™. These metal rods were sectioned using a diamond saw into discs, 3 mm in thickness.
Surface of each metal disc was metallographically polished down to 1 μm finish using diamond paste.
For the fabrication of diffusion couples, metallographically polished surfaces of Al and Mo were placed
in intimate contact and held tightly by two stainless steel jigs by clamping with screws. In order to
avoid high-temperature diffusional interaction between metals and stainless steel jigs, thin alumina
spacers were placed between them. The assembled diffusion couple along with a tantalum foil (i.e.,
oxygen getter) was placed in a quartz tube, flushed alternately with ultra-high purity Ar and H2 gas
multiple times, and evacuated to a pressure of 1.0 × 10−5 torr or better. Finally, quartz tube was
backfilled with ultra-high purity Ar, and sealed using an oxy-acetylene torch. More details on diffusion
couple assembly and quartz tube encapsulation are provided elsewhere [14,[28], [29], [30]].
Each diffusion couple within quartz capsule was then isothermally annealed using a pre-stabilized
furnace maintained at a desired temperature. The temperature of the diffusion couple was
independently monitored via external thermocouple and was controlled to within ±2 °C. After
isothermal annealing, all diffusion couples were quickly water-quenched to retain the hightemperature microstructure. The water-quenched diffusion couples were mounted in cold resin epoxy,
and cross-sectioned perpendicular to the metal-metal interface. All cross-sectional diffusion couple
samples were metallographically polished down to 1 μm finish.
Microstructural examination and concentration profile measurements were performed using Zeiss™
Ultra-55 field emission scanning electron microscope (FE-SEM) equipped with Thermo Scientific™
energy-dispersive X-ray spectroscopy (XEDS) detector. Multiple line scans were collected and analyzed
for each diffusion couple to ensure statistical confidence in concentration profile and phase
identification. Image processing and analysis program, i.e., ImageJ™, was used to measure the
thickness of the intermetallic layer developed in the interdiffusion zone. The thickness of each
intermetallic layer was measured at randomly selected locations (>30) from backscatter electron (BSE)
micrographs for the determination of relevant thermo-kinetic coefficients. Anomalous non-planar
growth within the diffusion couple at selected locations of interest was examined using FEI Tecnai™
F30 transmission electron microscope (TEM), operating at 300 kV accelerating voltage, equipped with
XEDS detector and Fischione™ high angle annular dark-field (HAADF) detector. In-situ lift-out (INLO)
approach was employed to prepare site-specific TEM samples using FEI™ TEM 200 focused ion beam
(FIB).

3. Determination of thermo-kinetic parameters

Under the assumption of diffusion-controlled growth, the thickness of a phase grows parabolically with
time as [31]:
(1)

kp =

𝛥𝛥x2
2t

where ‘Δx’ represents the thickness of phase developed via interdiffusion after time ‘t’. The thickness
of the intermetallic phase can vary with the composition of the neighboring phases, therefore
parabolic growth constant (kp) of the phase is not a materials constant. Temperature dependence of
this growth rate, kp can be examined using the Arrhenius relationship and pre-exponential factor (ko)
and activation energy (Q) can be determined.
Typically, intermetallic phases exhibit very small or no concentration gradient within the growing phase
due to limited or negligible solid solubility limit range. Therefore, the Boltzmann-Matano method or
the Sauer-Freise method, that require concentration gradients, cannot be employed to measure the
interdiffusion coefficients as a function of composition in a binary system. In order to circumvent this
problem, Wagner [31] proposed a relation to measure integrated interdiffusion coefficient of a
component (i) within a phase (ν), with a negligible solid solubility limit, as:
(2)
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where represents the molar volume of the ‘ν’ phase and 𝐶𝐶𝑖𝑖 represents the stoichiometric
composition of the phase ‘ν’. Unlike parabolic growth constant, the integrated interdiffusion
�𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑣𝑣 is a materials constant, which remains same
coefficient of an element in a specific phase, 𝐷𝐷
regardless of the composition of the neighboring phases or experimental boundary condition.
Interdiffusion flux at any plane x can be determined without the knowledge of interdiffusion
coefficients from the concentration profiles using the following relationship [32]:
(3)
1
𝐽𝐽̃𝑖𝑖 =
2𝑡𝑡
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Determination of interdiffusion flux using Equation (3) will require a precise location of Matano plane
(𝑥𝑥𝑜𝑜 ), which could be determined by mass balance using the following relation [33]:
(4)
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4. Results and analysis
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Fig. 1 shows the backscatter electron (BSE) micrographs from Al vs. Mo diffusion couples isothermally
annealed at (a) 425 °C for 720 h, (b) 450 °C for 720 h, (c) 475 °C for 480 h, (d) 500 °C for 360 h, (e)
525 °C for 240 h, (f) 560 °C for 240 h, (g) 600 °C for 168 h, and (h) 625 °C for 120 h. Diffusional
interaction was not resolved between Al and Mo, at 425 and 450 °C after isothermally annealing for
720 h. Diffusion couples annealed from 475 °C through 600 °C mainly developed Al8Mo3 intermetallic
phase with a negligible concentration gradient (∂Ci/∂x = 0), along with a discontinuous layer of Al22Mo5
phase intermittently present at the interface between Al and Al8Mo3 intermetallic phase. Growth of
the Al22Mo5 phase was observed to be negligible in comparison to the Al8Mo3 intermetallic phase after
isothermal annealing between 475 °C and 600 °C, for the aforementioned time. The Al vs. Mo diffusion
couple after isothermal annealing at 625 °C for 120 h develop a thick continuous layer of Al22Mo5 phase
in addition to the Al8Mo3 phase as presented in Fig. 1(h). It should be noted that the AlMo3 phase has
the highest dissolution point in the Al-Mo binary system, however, this phase did not develop in the
interdiffusion zone, which suggests that diffusion could be sluggish in the AlMo3 phase.

Fig. 1. Backscatter electron micrographs of Al vs. Mo diffusion couples isothermally annealed at (a) 425 °C for
720 h, (b) 450 °C for 720 h, (c) 475 °C for 480 h, (d) 500 °C for 360 h, (e) 525 °C for 240 h, (f) 560 °C for 240 h, (g)
600 °C for 168 h, and (h) 625 °C for 120 h.

The Al8Mo3 intermetallic phase in diffusion couples annealed between 475 °C and 600 °C grew in a
needle-like, non-planar morphology, which is typically not observed in binary diffusion couples as per
Gibbs phase rule. In order to investigate the needle-like, non-planar morphological growth of the
Al8Mo3 intermetallic phase, a TEM sample was extracted by FIB-INLO close the tip of Al8Mo3 needles,
normal to the unidirectional diffusion as labelled in Fig. 2(a). A HAADF scanning TEM micrograph
shown in Fig. 2(b) depicts that the Al8Mo3 phase grows anisotropically, where the two Al8Mo3 grains
are growing in different directions, resulting in branching from the main Al8Mo3 needle. Fig. 2(c) and
(d) presents the selected area electron diffraction (SAED) patterns from Mo and Al8Mo3, respectively.

Fig. 2. (a) Secondary electron micrograph of needle-like non-planar interface from diffusion couple annealed at
525 °C for 240 h acquired from FIB-SEM, depicting the area selected for TEM investigation, (b) High angle
annular dark field (HAADF) micrograph from the region shown in (a). Selected area electron diffraction (SAED)
patterns from the (c) Mo and (d) Al8Mo3 phase.

Fig. 3 presents BSE micrographs of Al vs. Mo diffusion couples isothermally annealed at 500 °C for (a)
24, (b) 120, (c) 240, (d) 360, and (e) 480 h. The Al8Mo3 intermetallic phase in all isothermal diffusion
couples, as a function of time, exhibited needle-like, non-planar morphology. Fig. 4 shows the variation
in average length, Δx, and width (at half-length), Δw, of the Al8Mo3 phase developed at 500 °C as a
function of the square root of time. The average length and width of the non-planar, needle-like
Al8Mo3 phase grew parabolically with time. This observation is consistent with the other non-planar
growth of Al2Zr [34], Ni3Si2 [35], and Fe2Al5 [36] intermetallic phases in Al vs. Zr, Ni vs. Si, Fe vs Al binary
diffusion couples, respectively. Therefore, since the average length of the Al8Mo3 intermetallic phase in
Al vs. Mo diffusion couple grew parabolically with time, determination of growth constant, kp as
�𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑣𝑣 as defined by Equation (2) are
defined in Equation (1) and integrated diffusion coefficient, 𝐷𝐷
applicable to assess the growth of Al8Mo3 phase.

Fig. 3. Backscatter electron micrographs of Al vs. Mo diffusion couples isothermally annealed at 500 °C for (a) 24,
(b) 120, (c) 240, (d) 360, and (e) 480 h.

Fig. 4. Variation in (a) length and (b) width of Al8Mo3 phase as a function of square root of time at 500 °C.

Fig. 5(a) presents a typical concentration profiles determined from the Al vs. Mo diffusion couple
annealed at 600 °C for 168 h. Interdiffusion zone in Fig. 5(a) mainly consisted of the Al8Mo3
intermetallic phase with a negligible concentration gradient (∂Ci/∂x ≈ 0). There is a discontinuous
Al22Mo5 phase, however negligible in the thickness as shown in Fig. 1(g). Therefore, concentration
profiles for Al vs. Mo diffusion couples were modified using the average measured thickness and the
stoichiometry of the Al8Mo3 phase. Fig. 5(b) presents the modified concentration profile of Al from Al
vs. Mo diffusion couple annealed at 600 °C for 168 h, and Fig. 5(c) shows the corresponding
interdiffusion flux profile of Al, determined using Equation (3).

Fig. 5. (a) Representative concentration profiles from Al vs. Mo diffusion couple isothermally annealed at 600 °C
for 168 h, (b) correspondingly modified concentration profile of Al, and (c) interdiffusion flux profile of Al.

�𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑣𝑣 were determined using
The growth constant, kp and integrated interdiffusion coefficient, 𝐷𝐷
𝐴𝐴𝑙𝑙 𝑀𝑀𝑜𝑜

𝐴𝐴𝑙𝑙

𝑀𝑀𝑜𝑜

Equations (1), (2)), respectively. Theoretical molar volume of Al8Mo3 (𝜈𝜈𝑚𝑚 8 3 ) and Al22Mo5 (𝜈𝜈𝑚𝑚 22 5 )
was estimated to be 9.09 × 10−6 m3/mol and 9.30 × 10−6 m3/mol, respectively. Table 1 shows the
temperature dependent growth rate of Al8Mo3 phase and integrated diffusion coefficient of Al in the
Al8Mo3 phase determined from the Al vs. Mo diffusion couples. Fig. 6 presents the temperature
dependence of the parabolic growth constant of the Al8Mo3 phase and integrated interdiffusion

coefficient of Al in the Al8Mo3 phase. Table 2 reports the corresponding activation energy and preexponential factor for the Arrhenius dependence of growth rate and integrated diffusion coefficients
for Al8Mo3 phase. Thermo-kinetic parameters for the Al22Mo5 phase were not determined at
temperature below 625 °C, due to its negligible presence, however, the growth rate (kp) of Al22Mo5
𝐴𝐴𝑙𝑙

𝑀𝑀𝑜𝑜

phase and integrated diffusion coefficient of Al in the Al22Mo5 phase (𝜈𝜈𝑚𝑚 22 5 ) at 625 °C was
estimated to be 1.77 (0.21) × 10−15 m2/s and 4.34 (0.57) × 10−16 m2/s, respectively.
Table 1. Thermo-kinetic parameters measured for the Al8Mo3 phase determined using Al vs. Mo
diffusion couples. Uncertainty in magnitude is reported in parenthesis.
Temperature (°C) kp (m2/s)
� 𝐢𝐢𝐢𝐢𝐢𝐢,𝐀𝐀𝐥𝐥8𝐌𝐌𝐨𝐨3 (m2/s)
𝐃𝐃
𝐀𝐀𝐀𝐀
a
a
425
a
a
450
475
3.45 (3.17) × 10−17 6.84 (6.27) × 10−18
500
1.75 (1.47) × 10−16 3.47 (2.92) × 10−17
525
2.27 (1.21) × 10−16 4.51 (2.39) × 10−17
560
3.47 (1.46) × 10−16 6.88 (2.89) × 10−17
600
8.88 (2.84) × 10−16 1.76 (0.56) × 10−16
625
2.57 (0.19) × 10−15 7.08 (0.48) × 10−16
aValues were not calculated due to insufficient thickness.

𝐴𝐴𝑙𝑙 𝑀𝑀𝑜𝑜

Fig. 6. Arrhenius dependence of parabolic growth constant (𝑘𝑘𝑝𝑝 8 3 ) of Al8Mo3 phase and integrated
8 Mo3
� int,Al
interdiffusion coefficient (D
) of Al in Al8Mo3 phase measured via Al vs. Mo diffusion couples.
Al

Table 2. Comparison of activation energies and pre-exponential factors for Arrhenius dependence of
growth rate and integrated diffusion coefficients measured for Al8Mo3 phase.
𝐀𝐀𝐥𝐥 𝐌𝐌𝐨𝐨
� 𝐢𝐢𝐢𝐢𝐢𝐢,𝐀𝐀𝐥𝐥8𝐌𝐌𝐨𝐨3 = Do
Growth rate (𝐤𝐤 𝐩𝐩 8 3 = ko
Diffusion coefficient (𝐃𝐃
𝐀𝐀𝐀𝐀
e−Q/RT)
e−Q/RT)
Q (KJ/mol)
ko (m2/s)
Q (KJ/mol)
Do (m2/s)
137.2
1.85 × 10−7 144.7
1.26 × 10−7

As seen in Fig. 1, the Al8Mo3 phase grew with needle-like non-planar interfacial morphology at
intermediate temperatures (i.e. 475° to 600 °C). The Al8Mo3 phase in the interdiffusion zone of the Al
vs. Mo diffusion couples, shown in Fig. 1(c) through 1(h), can be divided into two regions: (1) “two
phase region” consisting of “Al8Mo3 + Mo” and (2) “trailing phase” with “continuous Al8Mo3” on the
left of two phase region within Al8Mo3 phase, as marked in Fig. 1(g). It is evident from Fig. 1 that, with
an increase in diffusion anneal temperature, the width of the needles increased, and consequently,
continuous “trailing phase” developed. The Al8Mo3/Mo interface between 475° and 560 °C exhibited
the sharp needle shaped interfacial morphology. At 600 °C, the Al8Mo3/Mo interfacial morphology
transitioned to faceted needles, and at 625 °C, morphology is nearly planar with minor
undulations/waviness. Therefore, non-planar morphological growth of the Al8Mo3 intermetallic phase
changed to planar morphology with an increase in temperature. However, Fig. 3 suggests that, at
500 °C, the length of the Al8Mo3 needles increases with an increase in annealing time. Therefore, in
general, the non-planarity increased with an increase in annealing time at a lower temperature.
In order to quantify the development of Al8Mo3/Mo interface morphology, the term degree of nonplanarity was introduced which can mathematically be described as the ratio of maximum thickness to
the mean thickness (Xmax/Xmean) of Al8Mo3 needles growing normal to the diffusion couple interface.
Based on the definition of degree of the non-planarity employed in this study, the ratio Xmax/Xmean
cannot be less than 1. If the ratio of Xmax/Xmean approaches unity, then the interface has a planar
morphology, and if the ratio deviates from unity, then interface has a non-planar morphology. Fig. 7(a)
shows the change in the ratio, Xmax/Xmean, for the Al8Mo3 phase as a function of temperature,
determined from Al vs. Mo diffusion couples examined in this study. The degree of non-planarity
approaches unity with an increase in temperature, and therefore interface tends to become planar
with an increase in temperature. Fig. 7(b) shows the changes of the Xmax/Xmean ratio as a function of
annealing time for the Al8Mo3 phase observed in the Al vs. Mo diffusion couple isothermally annealed
at 500 °C presented in Fig. 3. The degree of non-planarity increases with an increase in annealing time
at 500 °C. The temperature and time dependences of interface morphology are consistent with the
needle-like, non-planar growth of Al2Zr in Al vs. Zr [34] and Fe2Al5 phase in Fe vs. Al diffusion couples
[36].

Fig. 7. Comparison of ratio of maximum to mean thickness (Xmax./Xmean) of the Al8Mo3 phase growing in Al vs. Mo
diffusion couples, as a function of: (a) temperature and (b) time at 500 °C.

5. Diffusion anisotropy

As per the Gibbs phase rule, interdiffusional growth of an intermediate phase in binary diffusion
couples typically maintains a planar morphology, as no degree of freedom is available to develop a
two-phase region (i.e., non-planar interface) [34]. Most of the intermetallic phases developed in solidto-solid diffusion couples abide this rule, however, growth of few binary intermetallic phases, e.g.
Al8Mo3, Al2Zr [34], Fe2Al5 [36], MoSi2 [37,38], Ni3Si2 [35,39], Nd13Zn58 [40], has been reported to
develop a non-planar morphology. Strong anisotropic diffusion in these binary intermetallic phases
would result in non-planar interfacial three-dimensional growth rather than planar uni-directional
growth [34,35,37,40]. The non-planar morphological growth of the aforementioned intermetallic phase
in binary diffusion couple is mainly related to two factors: (1) crystal structure of growing intermetallic
phase, and (2) relative intrinsic diffusivity of elements in the binary diffusion couple [34]. Intermediate
phase in a binary diffusion couple would have a strong tendency to maintain a non-planar morphology,
if one element intrinsically diffuses significantly faster than other and/or the growing intermetallic
phase has a highly anisotropic, non-cubic crystal structure.
Diffusivity can be represented by the second-order symmetric tensor, i.e. 𝐷𝐷𝑖𝑖𝑖𝑖 = 𝐷𝐷𝑗𝑗𝑗𝑗 , expressed by
Ref. [34,41]:
(5)

𝐷𝐷11
𝐷𝐷𝑖𝑖𝑖𝑖 = [𝐷𝐷12
𝐷𝐷13

𝐷𝐷12
𝐷𝐷22
𝐷𝐷23

𝐷𝐷13
𝐷𝐷23 ]
𝐷𝐷33

Diffusivity tensor can be geometrically represented by the quadric surface, i.e., 𝐷𝐷𝑖𝑖𝑖𝑖 𝑥𝑥𝑖𝑖 𝑥𝑥𝑗𝑗 = 1 [41].
Therefore, an anisotropic, non-planar growth of the intermediate phase observed in this study can be
modeled using the quadric representation of diffusivity tensor, which can be expressed as [34,41]:
(6)
𝐷𝐷11 𝑥𝑥12 + 𝐷𝐷22 𝑥𝑥22 + 𝐷𝐷33 𝑥𝑥32 + 2𝐷𝐷12 𝑥𝑥1 𝑥𝑥2 + 2𝐷𝐷23 𝑥𝑥2 𝑥𝑥3 + 2𝐷𝐷31 𝑥𝑥3 𝑥𝑥1 = 1

Since the Al8Mo3 phase exhibits a monoclinic crystal symmetry represented by four independent
diffusion coefficients, the D12 and D23 coefficients would be zero [34,41]. Furthermore, the Al8Mo3
phase grew in the needle-like morphology where needles were oriented normal to the diffusion couple
interface. Therefore, the diagonal diffusivity vectors (i.e. D11, D22, and D33) represent diffusivity along
principal axes, while the off-diagonal diffusivity vector (i.e. D13) would be negligible [34]. Furthermore,
microscopic examination revealed that interdiffusion phases in all diffusion couples mainly developed
on the Mo-side of the diffusion couple, which suggests that Al intrinsically diffuses, significantly, faster
than Mo. This is possibly due to the fact that the bulk modulus of Mo (230 GPa) is 3 times the bulk
modulus of Al (76 GPa) which represents significantly higher Mo-Mo bond strength than Al-Al bond
strength. Therefore, by assuming that mainly Al diffuses in the Al vs. Mo diffusion couple, while
diffusion of Mo is relatively negligible, and the interface is considered as several equally spaced point
sources for Al diffusion at the diffusion couple interface, Equation (6) can be used to simulate the
morphology of Al8Mo3 intermetallic phase.
Fig. 4(b) shows that the width of Al8Mo3 needles grew parabolically with time. Therefore, the average
growth rate for the width of Al8Mo3 needles at 600 °C is estimated to be 1.71 × 10−17 m2/s, and the
ratio of the growth rate of length to width, i.e. [kp]L/[kp]W, was approximately ∼ 50. Now, if the
thickness of Al22Mo5 layer is negligible, and Al8Mo3 is assumed to be the only growing intermetallic
�𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑣𝑣 = [(𝑎𝑎 × 𝑏𝑏)/(𝑎𝑎 + 𝑏𝑏)] × 𝑘𝑘𝑝𝑝𝜈𝜈 ,
phase, then the integrated diffusion coefficient can be expressed as: 𝐷𝐷
(𝑣𝑣)
(𝑣𝑣)
𝑖𝑖𝑖𝑖𝑖𝑖,𝐴𝐴𝑙𝑙8 𝑀𝑀𝑜𝑜3
𝑖𝑖𝑖𝑖𝑖𝑖,𝐴𝐴𝑙𝑙8 𝑀𝑀𝑜𝑜3
𝐴𝐴𝑙𝑙 𝑀𝑀𝑜𝑜
�𝐴𝐴𝐴𝐴
�𝐴𝐴𝐴𝐴
where, a is (𝐶𝐶 − 𝐶𝐶𝑖𝑖−∞ )and b is (𝐶𝐶𝑖𝑖+∞ − 𝐶𝐶 ). Therefore, [𝐷𝐷
]L/[ 𝐷𝐷
]W ≈ [𝑘𝑘𝑝𝑝 8 3 ]L/[
𝐴𝐴𝑙𝑙 𝑀𝑀𝑜𝑜
𝑘𝑘𝑝𝑝 8 3 ]W

𝑖𝑖

𝑖𝑖

= 50. For simplicity, diffusivity is assumed to be approximately equal in two normal
directions parallel to the diffusion couple interface, i.e. D11/D22 = 1, therefore the ratio of integrated
diffusion coefficients can be expressed as D11: D22: D33 = 1: 1: 50. Using these parameters, the analytical
solution to Equation (6) is presented in Fig. 8 where the development of needle-like morphology is
presented for the Al8Mo3 phase at 600 °C. The analytical solution assumed that the diffusion couple
interface consisted of several equally spaced point sources for Al diffusion (nucleation points) in the
30 × 30 unit2 (arbitrary units) area at the diffusion couple interface with a uni-directional diffusion of Al
atoms in Mo. Fig. 8 presents three cases represented by varying the density of nucleation point
sources, i.e., 256, 324, and 624, for the Al8Mo3 phase at the Al/Mo interface. With an increase in the
density of nucleation point sources, the interface would exhibit a lower degree of non-planarity. In
other words, an increase in the density of the nucleation point sources for the Al8Mo3 phase at the
Al/Mo interface would promote a planar morphological growth of the Al8Mo3 phase, which was
experimentally observed in the Al vs. Mo diffusion couples with an increase in temperature. As the

growth of the needles follows the parabolic laws of diffusion, the aspect ratio of the needles can be
estimated using the square root of the growth rate ratios in the two normal directions. Furthermore, if
only a single phase evolves in the diffusion couple, then the growth rate ratios would be equal to
diffusivity ratios in the respective direction.

Fig. 8. Three-dimensional analytical solution to Equation (6), representing a non-planar needle-like
morphological growth of Al8Mo3 phase, obtained using by assuming (a) 256, (b) 324, and (c) 625 equally spaced
nucleation points in 30 × 30 unit2 (arbitrary units) area at the diffusion couple interface.

As shown by high magnification micrograph of Al8Mo3 in Fig. 2, the tip of the needle-like Al8Mo3
consisted of multiple needles as indicated by arrows, which could be due to the effect of mismatch
between crystallographic axes of new growing grains with the orthonormal axis of the overall
diffusional flux. It should be noted that Equation (6) does not take into account the effect of grain size
and crystallographic orientation of grains to model needle-like growth. Therefore, it may be possible
that the mismatch between orientation of crystallographic axes of growing intermetallic grain and the
direction of overall diffusional flux, could result in resolved angular growth of Al8Mo3 needles.
Fig. 7(a) shows that the non-planar interfacial growth gradually transitioned to a planar interfacial
growth with an increase in temperature. For instance, at 625 °C, morphology of Al8Mo3 interface
appears near-planar with only minor undulations. However, the presence of “Mo stringers” in the
Al8Mo3 phase, depicted in Fig. 1(h), suggests that diffusion at 625 °C is still anisotropic but the lateral
diffusion is sufficiently fast enough so that the needle-like morphology appears more continuous. In
other words, as a function of temperature, a more significant increase in diffusivity along the two
normal directions parallel to the diffusion couple interface than the diffusivity along the direction
normal to the diffusion couple interface, i.e. faster increase in D11 and D22 than D33, as a function of
temperature would promote the planar morphology of the Al8Mo3 phase. Furthermore, Fig. 8 shows
that an increase in the density of the nucleation point sources for the Al8Mo3 phase at the Al/Mo
interface would also result in the transition from non-planar to planar growth. This observation
suggests that an increase in temperature can result in a higher density of the nucleation point sources
via interfacial reaction limited growth, and can promote a planar morphological growth of the Al8Mo3
phase, where the continuous trailing phase became more evident with an increase in temperature, as
presented in Figs. 1 and 7(a). However, at a given temperature, e.g. 500 °C, the ratio of diffusivity along
diffusion couple interface to the diffusivity normal to diffusion couple interface (i.e. D11/D33) remains
constant, therefore, degree of non-planarity increased with annealing time.

Crystallographic anisotropy plays an important role in the non-planar growth of an intermediate phase
in binary diffusion couples. The Al8Mo3 phase has an anisotropic monoclinic crystal structure (Pearson
symbol: mC22; Space group: 12) with 16 Al and 6 Mo atoms in the unit cell. Table 3 lists the atomic
positions of Al and Mo atoms in the Al8Mo3 unit cell [24]. Using the lattice parameters (a = 9.208 Å,
b = 3.6378 Å, c = 10.065 Å, α = γ = 90°, β = 100.78°) and position of atoms, the Al8Mo3 unit cell was
constructed, as shown in Fig. 9, using PowderCell™ 2.3 software. Forsyth and Gran [24] reported the
interatomic distances of Al-Al, Mo-Mo and Al-Mo atomic pairs in the unit cell of Al8Mo3. Based on unit
cell shown in Fig. 9 and interatomic distance in the Al8Mo3 phase, no two Mo atoms are present as the
nearest neighbors (i.e. Al-Al and Al-Mo bond length is smaller than Mo-Mo bond length), while Al
atoms are forming a continuous chain along c-axis, which could possibly provide a vacancy-exchange
mechanism for the diffusion of Al atoms, while Mo remains relatively immobile, and may require antisite mechanism. This unit cell structure is analogous to Al2Zr, Ni3Si2, and MoSi2, wherein intrinsic
diffusivity of one diffusing element is significantly larger than that of others. This suggests that the
anomalous non-planar morphologies in binary diffusion couples is associated with crystallographic
anisotropic diffusion (due to asymmetric crystal structure), which results in “lattice anharmonicity”,
where c-axis provides the high diffusivity path for the diffusion of one element as the probability of
vacancy concentration is high along this direction [35].
Table 3. Atomic coordinates of Al and Mo in the Al8Mo3 unit cell.
Site nomenclature Element Wyckoff symbol Atomic coordinates
x
Mo1
Mo
2a
0
Mo2
Mo
4i
0.0938
Al1
Al
4i
0.2720
Al2
Al
4i
0.4600
Al3
Al
4i
0.1872
Al4
Al
4i
0.3670

y
0
0
0
0
0
0

z
0
0.6597
0.9060
0.1780
0.2785
0.5420

Site Occupancy
1
1
1
1
1
1

Fig. 9. Unit cell of the Al8Mo3 intermetallic phase.

In addition to anisotropic diffusion in the growing intermediate phase in a binary diffusion couple, a
non-planar interfacial growth can also occur due to: (1) presence of impurities; (2) substantial
interstitial diffusion; and (3) substantial grain boundary diffusion. A substantial amount of impurity
atoms would introduce an extra degree of freedom in the system (e.g., ternary or higher-order system)
based on Gibb’s phase rule and would allow the development of two-phase region including nonplanar needle-like growth. However, in present work, Al and Mo each had a minimum purity of
99.95%. Interstitial diffusion is generally faster than substitutional (i.e., vacancy mediated) diffusion,
and typically involves diffusion of smaller atoms (e.g. H, O, C, B, N with radii less than 100 p.m.)
through interstitial sites in larger matrix atoms. Based on the atomic size of Al (143.17 p.m.) and Mo
(136.26 p.m.), it is highly unlikely that Al would diffuse interstitially through the matrix of Mo.
Grain boundary diffusion at a given temperature is always faster than the bulk (i.e. lattice/volume)
diffusion, and in general, bulk and grain boundary diffusion occur concurrently but at different rates.
Dominant grain boundary diffusion in polycrystalline material would result in “fractal-like network
growth” of Al8Mo3 in the Mo side of the diffusion couple, mainly when diffusion of Al occurs in submicron (i.e. nano-crystalline) Mo grains. In the present work, the grain size of Mo is greater than
2.5 μm and “fractal-like network growth” was experimentally not observed. Moreover, in selected
multi-phase binary diffusion couples, it has been observed that only one (of many) intermediate phase
exhibits non-planar interfacial morphology. For instance, in Al vs. Zr diffusion couple [34], the Al3Zr
phase grew in near-planar morphology, while the Al2Zr phase grew in non-planar dendritic/needle-like
morphology. In Nd vs. Zn diffusion couple [40], NdZn2, NdZn3 phases grew in near-planar front
morphology while the Nd13Zn58 phase grew in dendrite-like non-planar morphology. In Ce vs. Zn
diffusion couple [40], CeZn11, Ce3Zn22, Ce3Zn17, Ce13Zn58 phases grew in regular planar front
morphology while only CeZn5 phase grew in needle-like non-planar morphology. In all these binary
diffusion couples, including the growth of needle-like Ni3Si2 phase in Ni vs. Si diffusion couples [35,39],

the non-planar growth is prominent at lower temperatures and the degree of non-planarity decreases
with an increase in temperature. If the grain boundary diffusion is the dominating contributor for the
needle-like non-planar growth in binary diffusion couple, then all the phases in the multi-phase
diffusion couple should exhibit this non-planar morphological growth.
Experimentally, non-planar growth morphology was observed only for the phase(s) which exhibits
highly anisotropic, non-cubic crystal symmetry. Furthermore, for these observations in the
aforementioned studies, the intrinsic diffusion of one element was always significantly faster than the
other. Borivent et al. [35] examined the effect of the crystal structure and grain morphology/size on
the anomalous, non-planar needle-like growth of Ni3Si2 phase (i.e., analogous to Al8Mo3 phase in this
work) from Ni vs. Si diffusion couples. They observed that the interfacial morphology of Ni3Si2 phase is
independent of the crystal symmetry and grain orientation of the terminal end-members in the
diffusion couple and dependent on the crystal structure of the growing intermetallic phase. Borivent et
al. [35] also repeated the experiments by using both poly-crystalline and single-crystal Si as a terminal
end in the diffusion couple, wherein Ni intrinsically diffuses significantly faster than Si, and consistently
observed the growth of Ni3Si2 with needle-like non-planar morphology. Therefore, in present work,
anisotropic diffusion of Al in the monoclinic crystal structure of the Al8Mo3 phase is identified as the
dominating contributor for the needle-like non-planar growth in Al vs. Mo diffusion couples.

6. Mo as a potential diffusion barrier in monolithic fuel plates
int,𝜈𝜈

�Al ) in Al-Mo system determined in this
Both growth rate (kp) and integrated diffusion coefficients (D
study were 1-2 order of magnitude lower than that of interdiffusion products in the Al-Zr binary system
[12,34]. Huang et al. [16] had previously carried out a comparative study of the isothermal diffusional
interaction between U-10Mo fuel and potential diffusion barrier i.e. Mo, Zr. They observed that the
rate of diffusion interaction with diffusion barrier (i.e. Mo, Zr) was significantly lower than those
observed without barrier (e.g., Al and its alloys in direct contact with U-Mo fuel alloy), approximately
103 times for Zr and 105 times for Mo. In other words, Mo would be 100 times more effective as a
diffusion barrier than Zr in mitigating fuel-cladding chemical interaction (FCCI). Furthermore,
irradiation examination conducted by Chiang et al. [42] on Mo and Zr sandwiched between Al
substrate and U-8Mo fuel, suggested that the irradiation-induced interaction was more pronounced
for Zr which also resulted in destabilization and decomposition of γ-(U-Mo) phase, while Mo under
irradiation formed stable products, which further inhibited the undesirable diffusional interaction in
the fuel plate system.
Mo as a diffusion barrier can minimize the compositional variation in the U-Mo fuel alloy due
interdiffusion and reaction during fuel fabrication by avoiding the complex ternary interactions and
limiting the fuel – barrier interdiffusion products to remain binary [17]. Interaction between U-10Mo
fuel alloy and Zr diffusion barrier and Al-cladding alloys gives rise to development of phases such as
Mo2Zr, δ-UZr2, α-U at the U-Mo/Zr interface and (Al,Si)3Zr at the Zr/Al interface [7,8,[10], [11],
[12],15,43]. Increase in Mo content in the U-Mo fuel tends to stabilize γ-phase while Zr destabilizes the
γ-(U-Mo) phase [15]. Based on binary U-Mo phase diagram [17], maximum allowable compositional
variation in U-10Mo fuel alloys would be 15.4 at.% Mo, i.e. from 21.6 at.% Mo in U-10Mo fuel to the
maximum solubility limit of 37 at.% Mo in bcc γ-phase. This compositional variation is evident in U10Mo vs. Mo diffusion couple [16,17], where interdiffusion zone has developed only γ-(U-Mo) phase.

Presently, Zr has been favored for diffusion barrier application because of its compliance with the
fabrication of the monolithic fuel plate process i.e. co-rolling and hot isotactic pressing (HIP). On other
hand, due brittle behavior, Mo resulted in cracking during fabrication process. It has been observed
that the addition of Re up to 14 wt % results in significant improvement in ductility of Mo. Minor Re
addition can also help to stabilize the γ-phase in U-Mo fuel alloy [44]. Addition of Re would also
increase the recrystallization temperature and limit the recrystallization embrittlement, which may
occur during irradiation. Radiation embrittlement, although a threat to Mo, can be controlled by
addition of Re as it would increase the grain boundary strength by mitigating the segregation of
interstitials impurities such as oxygen [[45], [46], [47]]. Igata et al. [48] reported that the addition of 2.6
at. % Re in Mo effectively suppressed the void swelling in as-rolled Mo-Re alloys under the neutron
irradiation. Therefore, metallurgical interactions between Mo-Re alloy and U-10Mo or Al alloy cladding
(AA6061) would be of interests for further research.

7. Summary

Anomalous interdiffusion growth of the Al8Mo3 phase was investigated via Al vs. Mo binary diffusion
couples in the temperature range from 425° to 625 °C. Important observations from the present
investigation are summarized as:
•

•

•

•

Isothermal annealing of binary Al vs. Mo diffusion couples resulted in non-planar, needle-like
morphological growth of the Al8Mo3 intermetallic phase from 475° to 600 °C. This is in
contradiction to the Gibbs phase rule which imposes the condition for the growing
intermediate phase to maintain planar-front morphology in a solid-to-solid binary diffusion
couple.
At 625 °C, the Al8Mo3 phase grew with planar-front morphology, however, the presence of “Mo
stingers” within the Al8Mo3 phase suggests diffusion at 625 °C is anisotropic. Al8Mo3 phase
appears to be continuous with planar front morphology due to a faster increase in lateral
diffusivity than diffusivity normal to the diffusion couple interface.
The degree of non-planarity in the anomalous non-planar growth of the Al8Mo3 phase
decreased with an increase in temperature from 475° to 625 °C but increased with an increase
in annealing time at 500 °C.
Morphology of non-planar, needle-like interfacial growth of the Al8Mo3 intermetallic phase was
modeled using the geometrical representation of diffusivity tensor for anisotropic diffusion by
assuming that only one element diffuses, while the other is relatively immobile. The crystal
structure of the Al8Mo3 intermetallic phase suggests that Al atoms form a continuous chain
along the c-axis, which allows the faster diffusion of Al atoms.
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